This work demonstrates that a full laboratory-quality immunoassay can be run on a smartphone accessory. This low-cost dongle replicates all mechanical, optical, and electronic functions of a laboratory-based enzyme-linked immunosorbent assay (ELISA) without requiring any stored energy; all necessary power is drawn from a smartphone. Rwandan health care workers used the dongle to test whole blood obtained via fingerprick from 96 patients enrolling into care at prevention of mother-to-child transmission clinics or voluntary counseling and testing centers. The dongle performed a triplexed immunoassay not currently available in a single test format: HIV antibody, treponemalspecific antibody for syphilis, and nontreponemal antibody for active syphilis infection. In a blinded experiment, health care workers obtained diagnostic results in 15 min from our triplex test that rivaled the gold standard of laboratory-based HIV ELISA and rapid plasma reagin (a screening test for syphilis), with sensitivity of 92 to 100% and specificity of 79 to 100%, consistent with needs of current clinical algorithms. Patient preference for the dongle was 97% compared to laboratory-based tests, with most pointing to the convenience of obtaining quick results with a single fingerprick. This work suggests that coupling microfluidics with recent advances in consumer electronics can make certain laboratory-based diagnostics accessible to almost any population with access to smartphones.
INTRODUCTION
Smartphones are being adopted at a breathtaking pace, including in developing countries (1, 2) . They offer fast computing, a friendly user interface, and connectivity to data stored in the cloud (that is, servers accessible wirelessly), all at falling prices. Although smartphones are increasingly being adapted for health diagnostics, the most common applications have leveraged individual components and functions, such as cameras (3) , data communication (4) , and data processing (5), rather than replicating any complete diagnostic assay performed in clinical laboratories (6, 7) .
We sought to build on previous work in miniaturizing diagnostics hardware (6, 8, 9) for the rapid point-of-care (POC) diagnosis of HIV, syphilis, and other sexually transmitted diseases. Early diagnosis and treatment of such diseases in pregnant mothers have been shown to reduce adverse health consequences to both mothers and their children (10) . Treponemal antibodies appear earlier than nontreponemal antibodies in syphilis infection (11) and have been used in syphilis rapid diagnostic tests (RDTs). Recently, some manufacturers (Chembio, SD Bioline, and MedMira) have developed dual HIV/treponemal-syphilis tests, but these tests rely on lateral-flow or immunofiltration technologies, which could limit their performance and ability to multiplex (12) . We therefore sought to engineer all the capabilities of a benchtop enzyme-linked immunosorbent assay (ELISA) instrument into a small diagnostic accessory-a "dongle"-that attaches to a smartphone.
The dongle was designed to be small and light enough to fit in one hand and to run assays on disposable plastic cassettes with preloaded reagents, where disease-specific zones would provide an objective readout, similar to an ELISA microplate assay. The assay would be similar to an ELISA, but with gold nanoparticles and silver ions performing the amplification step instead of enzymes and substrate (13) . For our assay targets, we chose HIV and treponemal syphilis antibody tests from our previous work (13) while detecting a third target, anti-cardiolipin antibody, as a nontreponemal syphilis marker. In addition, we added immunoglobulin M (IgM) as a secondary antibody for early syphilis detection (11) . The U.S. Centers for Disease Control and Prevention (CDC) recommends a nontreponemal [for example, rapid plasma reagin (RPR)] test on all anti-treponemal enzyme immunoassay reactive specimens (14) . However, a triplex test with HIV, treponemal syphilis, and nontreponemal syphilis results is not currently available commercially and clinically. As such, our device is advantageous in that it would help to characterize the infection as active or inactive [because treponemal syphilis antibody level remains high for life (11) ], thus saving diagnostic time and simplifying treatment workflow (11, 14, 15) .
Testing in the field can exhibit markedly different performance from tests run in a laboratory owing to variations in clinical specimens, local environmental conditions (including temperature and humidity), and variations in how the tests are run by individual users. In the field, sensitivities have been reported to be as low as 82% and specificities as low as 85% for the widely used HIV RDTs (16) (17) (18) , 64 to 96% sensitivity and 97 to 99% specificity for treponemal syphilis antibody tests (Determine, SD Bioline, Syphicheck, VisiTect, and Chembio) (19) (20) (21) , and 85% sensitivity and 96% specificity for nontreponemal syphilis antibody test (Chembio) (21) on whole blood (fingerprick or venipuncture) performed by trained staff. RDTs are also limited in number of markers in a single test, subjective user interpretation of band intensities, and lower sensitivity and reproducibility than laboratorybased tests.
Here, we demonstrate the field performance of three POC ELISA quality tests run simultaneously on a smartphone dongle under the following conditions: (i) the tests were run by health care workers (HCWs); (ii) the tests were run on fingerprick whole blood collected fresh from intended end users (patients); and (iii) the tests were run in a blinded manner where the reference laboratory results were unknown until testing of all subjects had concluded. In a 15-min assay, the dongle provided accurate diagnostic results on triplexed markers for HIV and syphilis, suggesting that laboratory-quality diagnostic services could be made accessible to any population with smartphones.
RESULTS

Dongle design for extremely low power consumption
The dongle (Fig. 1A) consists of two main innovations to achieve low power consumption. First, we eliminated the power-consuming electrical pump (6) by using a "one-push vacuum," where a user mechanically activates a negative pressure chamber (Fig. 1B) to move a sequence of reagents prestored on a cassette (Fig. 1C) . The simple vacuum chamber was created with a rubber bulb, with one port connected to the assay cassette outlet and one port to a silicone one-way valve. When the bulb is depressed, air exits out the one-way valve, and a spring aids the bulb in reexpansion, creating a negative pressure within the chamber that pulls liquids through the channels. The total flow times for a six-wash sequence were consistent between three users, with an average of 119 s ( fig. S1 ). By contrast, our setup mechanically generates the vacuum source at the time of assay; this procedure is durable (similar to a bulb for a manual sphygmomanometer), requires little user training, and does not require maintenance and additional manufacturing to prepackage a vacuum source (which can also leak over time). Other components in the dongle, including robust and low-cost lightemitting diodes (LEDs), photodetectors (6, 13) , and a microcontroller, consumed very low power. Using commercially available electronic components with an injection-moldable case, our device would have a manufacturing cost of $34, in comparison to $18,450 for typical ELISA equipment ( Fig. 1D and table S1 ).
The dongle measured the optical density (OD) (absorbance) of silver enhancement on each assay ( Fig. 2A) , as described previously (13) . Briefly, each detection zone was treated with capture proteins, and whole-blood sample flowed over each zone, followed by signal development reagents (gold-labeled antibodies, washes, and silver development solution), such that the concentration of analyte captured on each zone corresponded to the OD of silver enhancement. We designed the dongle so that power was only consumed during OD readings (8.5 mW, 8 s) and during information transfer back to the smartphone (1.5 mW, 8 min) (Fig. 2B) . No power was consumed by the dongle while the sample and washes were flowing. Over a 15-min assay, the dongle had an average power consumption of 1.6 mW, or 0.22 mWh per test. By comparison, a typical smartphone uses 751 mW on a 3G network and 17.5 mW on standby mode (6) , and a laser pointer uses about 1 to 5 mW (22) . Using an Apple iPod touch (4th generation) to power the dongle, we found that each run consumed about 2.4% of the battery, allowing 41 runs to be made on a single charge (note that newer generations of smartphones can hold more charge).
With such low power consumption by the dongle, we were able to implement a second innovation to remove the need for a battery: using the audio jack for transmitting power and for data transmission, as demonstrated by Kuo et al. (23) . The audio jack connection (3.5 mm, 4 lead) has remained ubiquitous and standardized among smartphones, which allowed our dongle to be compatible with the growing variety of mobile phones and tablets. Here, a 19-kHz audio signal was sent from the iPod touch through the audio jack to the dongle and converted into a stable DC 3.0 V (fig. S2A ). The dongle had no internal battery and used only the power delivered by the audio signal. The power harvested from the audio jack was stable and sufficient for reliable OD measurements compared with a benchtop analyzer ( fig. S2B ). For the target and positive control zones, there was no significant difference in OD measurements taken by the dongle and benchtop analyzer. The negative control zone showed a small but significant difference (P = 0.03, Student's t test). The dongle produced OD readings that correlated with a serial dilution of a strongly RPR-positive (1:128 titer) syphilis sample (R 2 = 98.9%) (Fig. 2C) .
We programmed a microcontroller that performed FSK by converting a decimal integer into binary, and each bit was sent as a highfrequency (1632 Hz, or "1") or low-frequency (816 Hz, or "0") signal and transmitted the photodiode readings through the audio jack and back to the phone (Fig. 1B and fig. S2A ). Our initial implementation was focused on fidelity of signal, but signal transmission can be sped up in the future. To test the accuracy of the signal, we programmed the microcontroller to send a pattern of alternating 1 and 0, or high-and low-frequency signals. We observed 100% accuracy for 12,160 bits tested. During the test, the custom smartphone application ("app") on the phone converted the photodiode signals to absorbance units, which could be reported as "positive" or "negative" when above or below, respectively, a preset cutoff value.
Device function and operation
We built on our previous work for HIV/syphilis detection (13) in five major ways. First, we expanded the detection zones in the disposable microfluidic cassette from four to five zones, for detecting HIV, treponemal syphilis, and nontreponemal syphilis antibodies simultaneously with internal negative and positive controls (Fig. 1C) . Second, gold-labeled IgM antibodies were added to the assay (Fig. 2D) . Anti-cardiolipin antibodies are commonly found in IgM antibodies, and therefore, the addition of gold-labeled IgM offers enhanced sensitivity of nontreponemal syphilis. Third, to improve long-term stability in shipping and storage, we lyophilized gold-conjugated secondary antibodies inside the antibody holder, along with a stabilizer and anticoagulant, and packed the holder in an individual moisture barrier bag before shipping them to Rwanda. Lyophilized antibodies demonstrated comparable performance to gold-conjugated antibodies freshly diluted in buffer (Fig. 2E) .
Fourth, to mimic field testing conditions, we prepared the test cassettes ahead of time at Columbia University before transporting them to Rwanda. By using the stabilizing agent StabilCoat during physisorption of capture proteins, the protein retained its function over 3 weeks at 60°C ( fig. S3 ) [equivalent to roughly 28 weeks at 25°C according to Arrheniuslike approximations (24) ]. This stabilizer was also found to be as effective as other blocking agents ( fig. S4 ). Fifth, the wash buffers and silver reagents were preloaded on the reagent cassette each day before testing. These conditions replicated real shipping and transportation conditions, minimized user steps, and increased field readiness to enable a "plug-and-play" operation for the user. To perform the test, the user mixed 1 ml of whole-blood sample with 9 ml of diluent, placed~2 ml of the mixed sample into the cassette, attached the antibody holder into the cassette, inserted the cassette into the dongle, pressed the bulb fully to initiate vacuum, and pressed "start assay" on the app to start phase 1 of the test (Figs. 1 and 3A and  fig. S5 , A to D). After 5 min, all reagents downstream of the venting port (gold-labeled antibodies and washes) will have passed through the chip. For silver development, or phase 2, the user was then prompted to slide the toggle to close a venting port, to initiate flow and mixing of silver A and B (Fig. 1C) . The two silver reagents were stable (and stored) separately; the venting port design allowed mixing of the silver reagents immediately before use, minimizing silver autocatalysis. To prevent exposure of chemicals to the user, sample and reagents were contained in a membrane filter within the cassette, and the antibody holder was securely connected to the cassette. OD readings were taken before and after silver development, and at the end of the assay (15 min), results for all markers are available and displayed on the app interface ( fig. S5 , E and F).
Field testing with target end users
The dongle app presented a user-friendly interface to aid the user through each test, step-by-step pictorial directions, built-in timers to alert the user to next steps, and records of test results for later review (Fig. 3A and fig. S5 ). Given the simplicity of running the test, training of HCWs (laboratory technicians with no experience in ELISAs) took about 30 min. Five HCWs tested fresh fingerprick whole blood from 96 patients, whose disease statuses were unknown until the reference laboratory results were unblinded at the end of the study.
At three health centers in Kigali, Rwanda, HCWs recruited patient volunteers enrolled in preventing mother-to-child transmission (PMTCT) and voluntary counseling and testing (VCT) programs for the study, with our research team providing further information about the study to participants as needed. Consent forms were translated to Kinyarwanda (the principal local language) and obtained by a third-party translator fluent in English and Kinyarwanda. Fingerprick whole-blood specimens were collected and coded with a study ID number with no link to access other health information, to protect patient privacy. In parallel, venipuncture was performed on the same patients. For reference tests, HIV RDTs were completed at each site, whereas HIV ELISA, syphilis Treponema pallidum hemagglutination (TPHA), and syphilis RPR reference tests were performed at the Rwanda National Reference Laboratory using plasma.
The test results for detection of each marker were compared with the gold standard readout from laboratory-based HIV ELISA, TPHA, and RPR and are presented in terms of signal to cutoff of each target relative to its reference test (Fig. 3B and table S2) . Cutoff values to determine if a sample was positive or negative for each marker were selected by using receiver-operating characteristic (ROC) curves. Although a final product will offer preset cutoff values, in this development work, we identified cutoff values retrospective to data collection that maximize sensitivity (minimize false negatives) because our test is targeted toward screening applications. Cutoff values for internal negative and positive controls were also applied to verify validity of test results; no tests were excluded on the basis of these criteria. An indeterminate range (for example, if OD is within 10 to 20% of cutoff) (25) can be implemented for future tests to indicate the need to rerun the test. The detection of HIV antibodies had a sensitivity of 100% [95% confidence interval (CI), 59 to 100%] and specificity of 87% (95% CI, 78 to 93%). Sensitivity for detection of treponemal antibodies was 92% (95% CI, 64 to 100%) with specificity of 92% (95% CI, 83 to 97%). Sensitivity for detection of anti-cardiolipin antibodies was 100% (95% CI, 48 to 100%) with specificity of 79% (95% CI, 69 to 87%). ROC curve shows area under the curve of 0.96 for HIV, 0.90 for treponemal syphilis, and 0.92 for nontreponemal syphilis (Fig. 3B) . Specifically, table S2 shows results from the dongle that differed from reference tests, with one false-negative result for the treponemal syphilis test, and 12, 7, and 19 false-positive results for HIV, treponemal syphilis, and nontreponemal syphilis, respectively.
On venipuncture whole blood, the dongle yielded a sensitivity and specificity of 100% (95% CI, 59.0 to 100) and 91% (95% CI, 83.0 to 96.0) for HIV, 77% (95% CI, 46.2 to 95.0) and 89% (95% CI, 80.4 to 95.0) for treponemal syphilis, and 80% (95% CI, 28.4 to 99.5) and 82% (95% CI, 73.0 to 89.6) for nontreponemal syphilis (Fig. 3C ). There was no significant difference of dongle assay performance on fingerprick and venous whole blood for HIV (P = 0.45), treponemal syphilis (P = 1.0), and nontreponemal syphilis (P = 0.33), using McNemar test.
Subsequent to the field trial, we found that cassettes with an increased concentration of coated proteins could take neat (undiluted) whole blood and produce accurate results ( fig. S6 and table S3 ). The HIV antigen (10 mg/ml) spotting concentration yielded 100% sensitivity (95% CI, 78.20 to 100) and specificity (95% CI, 29.24 to 100), compared to those spotted with antigen (2 mg/ml), which yielded 86.67% sensitivity (95% CI, 59.94 to 98.34) and 33.33% specificity (95% CI, 0.84 to 90.57).
Patient survey
To assess user feedback, a third-party interviewer fluent in English and Kinyarwanda conducted the surveys to reduce any biases from the study team. The questions posed to the participants focused on dongle/ fingerprick preference versus traditional venipuncture (and why), desired test time, and whether the dongle would be recommended (and why) (Fig. 4) . A vast majority of patients (97%) would recommend the dongle to others because of the fast turnaround time (57%), potential to offer results for multiple diseases (44%), and simplicity of procedure (29%). Fingerprick blood collection was preferred to conventional venipuncture by 95% of patients because it is less painful (98%), it takes shorter time (60%), the HCW had trouble with the needle collection (55%), the patient is scared of a needle (43%), and a fingerprick takes less volume of blood (42%). However, 2% of patients preferred venipuncture because they trust the result more with venous blood (Fig. 4) . HCWs appreciated the lack of user interpretation to read the result or external power to operate and also noted in surveys that the dongle could be useful in low-volume testing sites (for example, VCT or mobile visit) or serve as a backup test for high-volume patients' clinics in case of power outage, which we experienced during testing.
DISCUSSION
This dongle presents new capabilities for users ranging from health care providers to consumers. For HCWs, management of infectious diseases could be improved with access to multiplexed test at the POC. For example, for syphilis, health impact modeling has suggested that a test with only 70 to 80% sensitivity and specificity, but performed at the POC, can reduce deaths by 10-fold over a hypothetically perfectly accurate laboratory-based test (26) by increasing detection of infections.
For large-scale screening, high sensitivity (with few false negatives) is most important, as is achieved by the dongle. For HIV, scaling up HIV testing at the community level with immediate antiretroviral therapy could nearly stop HIV transmission and approach elimination of the virus (27) . The dual test for syphilis holds clinical value for HCWs. The current procedure in many developing countries calls for a single laboratorybased qualitative RPR test for syphilis, such that all patients with positive nontreponemal results are recommended for treatment. Because this procedure can lead to overtreatment, given the intrinsic lower specificity of nontreponemal assays (14, 15) , several countries are adopting treponemal-specific RDTs (28) . However, blanket treatment of patients testing positive with a treponemal-specific RDT can lead to overtreatment and penicillin resistance, because treponemal antibodies remain even after infection has cleared. A dual nontreponemal and treponemal syphilis test would empower HCWs to follow guidelines (14, 15) that recommend treatment under two scenarios: if both tests are positive, or if treponemal-specific results are positive and the patient either had no previous infection or exhibits signs of new infection. Differentiation between active and past infection is particularly valuable in endemic areas, including Rwanda (29) . In addition, compared to syndromic management (11), POC syphilis tests also help HCWs avoid overtreatment and improve cost-effectiveness; among our subject group, 13 patients exhibited positive TPHA results-although only 4 exhibited positive RPR results-and would all be treated under guidelines with rapid treponemal-specific tests.
It is challenging to use RDTs to detect multiple markers. The dongle is versatile in that it can detect selectively IgM and/or IgG antibodies on multiple markers. This capability supports early detection of syphilis, because anti-treponemal IgM antibodies appear earlier than antitreponemal IgG by 2 weeks (11). Addition of a nontreponemal test and detection of IgM-performed alongside HIV-moves another step toward a complete POC multiplex antenatal-care panel. Performing three individual commercially available tests can cost up to $8.50 [$0.80 to $5 for HIV RDT (30), $1 to $3 for treponemal RDT (15) , and $0.50 for RPR (31) ]. By comparison, material and reagent cost per test for our triplex test is $1.44, leaving room for a substantially lower anticipated market price. In addition, compared to RDTs, the dongle offers automation of assay, objective readout of signal, and quantitation, although it requires more instrumentation than RDTs. RDTs present challenges for untrained users to execute precise liquid handling and metering, particularly in multistep tests. Our system contains precise injectionmolded cassettes, preloaded reagents, optimized optics, and exact alignment that can reduce user variability. Add-on optical readers are becoming available for RDTs but still present challenges to the user (for example, in positioning and illumination accuracy) because RDTs are originally designed to be single-step stand-alone tests (32) .
Two practical challenges to deploying POC diagnostic devices are specimen collection and infrastructure of facilities. This dongle test required one fingerprick or 2 ml of whole blood for all three tests (avoiding multiple fingerpricks, a point appreciated by the patients in the survey), where HIV and syphilis RDTs require anywhere from 5 to 60 ml each. Another challenge to blood analysis in resource-poor settings is power outages, which is obviated with our audio jack-powered dongle. We show that when so little power is needed for diagnostics, the audio jack connection can power and record an entire laboratorylevel immunoassay with amplification and washing reagents (Fig. 2B) . Although the audio jack connection has been used for data communication in devices, including for heart rate monitoring (33) , measuring exhaled carbon monoxide in smokers (34) , and electrochemical sensing (8) , it has been less adapted for powering health diagnostics devices, typically owing to large energy consumption.
Consumer adoption of health-monitoring devices is increasing rapidly. This dongle takes a step toward coupling microfluidics with advances in consumer electronics. The hardware of the dongle exhibits characteristics similar to familiar consumer electronics devices through a number of technical innovations: low power (using a power-free, continuous-flow vacuum and requiring no power), durable components (using LEDs and photodetectors), and portability. Our system generates a reliable, repeatable vacuum at the time of the assay while keeping the consumables simple to manufacture, building on previous methods to simplify the fluid movement steps, such as vacuum (13) and degas-driven flow (35) . We also considered the manufacturability, shipping, and storage of the tests by manufacturing the cassettes and precoating them with proteins and stabilizing agents before shipping to the use location. In addition, we lyophilized gold-labeled antibodies and anticoagulant onto the antibody holder to increase storage time. The most important feature behind a plug-and-play experience is the reduction of manual steps, enabled by integrating advances in fluidics and mechanical, optical, and electronic components. In the future, robotassisted loading of reagent cassettes could be implemented, because the reagents were stable for over 6 months at room temperature (13, 36) and wash plugs have been shown to stay separated after airborne shipping (37) . To enhance the user experience, we built a touch-activated pictorial software interface that allowed for training in 30 min, a step-bystep software guide on the smartphone contemporaneous with assay operation, and reporting of results (yes/no or quantitative titers) without user interpretation. As a result, patients expressed satisfaction with the dongle, citing the 15-min turnaround time as the biggest benefit, because a third of patients wait more than 2.5 hours to receive their results (personal communication with patients). Overall, the combined hardware, software, and microfluidic specifications suggest that new consumer-oriented medical devices are on the precipice of moving beyond glucose monitoring, vital signs, and wellness into clinical diagnostics for endemic diseases, including HIV and syphilis.
MATERIALS AND METHODS
Study design
The goal of this study was to develop a power-free lab-on-a-chip device for HIV and syphilis diagnosis in resource-limited settings. To evaluate dongle performance, the device was deployed in Rwanda, into the hands of HCWs who did not have ELISA training, for prospective diagnosis of patients already scheduled to receive HIV and syphilis testing. This study was approved by Columbia University Institutional Review Board (IRB) and Rwanda National Ethics Committee. Study sites were selected from the highest HIV/syphilis prevalence in the PMTCT group, based on 2013 routine data from the HIV division at Rwanda Biomedical Center. We selected three community-level health centers (Kimironko, Biryogo, and Gahanga) in Kigali with guidance from HIV/AIDS and STIs Diseases Division, Rwanda Biomedical Center, based on incidence of disease and willingness to participate in the study. HCWs involved in the study were laboratory technicians at the health centers and selected on the basis of willingness to participate in the study (Supplementary Materials and Methods). All patients who were enrolled in PMTCT or VCT programs over a 2-week period and who provided consent participated in this study. We did not perform power analysis; instead, we chose a sample size of~100, which allowed us to focus on incorporating device testing with clinic flow, getting user feedback, and assessing patient reception, in resource-limited settings. Additional patient information is in Supplementary Materials and Methods.
After sample collection, patients were given a short survey about their experiences by a third-party translator. Patients were compensated 1000 RWF (Rwandan Franc) ($1.54) for their participation. Disease statuses were blinded to the Columbia team and HCWs who conducted the test. HIV RDTs (Colloidal Gold, Determine, and Uni-Gold) were completed at each site. HIV ELISA (Vironostika), syphilis TPHA (Spinreact), and RPR (Spinreact) as reference tests were performed at Rwanda National Reference Laboratory using plasma separated from venipuncture blood. At the end of the trial, the results were unblinded to the study team, and reference test results were compared to the results obtained by the dongle.
Dongle design and manufacture
Custom-printed circuit boards were designed in Altium and printed from PCB Universe. A bill of materials and the circuit diagram are provided (table S1 and fig. S7 ). LEDs and photodiodes were precisely aligned with the cassette slot so that testing zones aligned without manual effort. One-millimeter pinholes made of 1-mm-thick black Delrin (McMaster-Carr) were aligned above each photodiode to prevent stray light. The dongle casing was designed in SolidWorks and printed in-house (Objet24 3D Printer, Stratasys). Vacuum chamber was created with a one-way umbrella valve (Minivalve), a rubber bulb from a 140-ml syringe (Becton Dickinson), and a conical spring (Century Spring Corp.) inside to aid reexpansion. Silicone rubber O-rings and sheets (McMasterCarr) were used to connect to outlet and seal the venting port. Powerfree fluid flow, signal readout, and audio jack powering and signal transmission are provided in Supplementary Materials and Methods.
Cassette preparation All cassettes were prepared at Columbia University before transporting to Rwanda. We added disease-specific proteins to the cassette surface by direct physisorption with a stabilizing agent (StabilCoat, SurModics), except cardiolipin, which was covalently attached to the plastic surface using EDC-sulfo-NHS reaction (Supplementary Materials and Methods). We used robot-assisted manufacturing (adapted from OPKO Diagnostics) for reproducible and high-throughput cassette preparation. We selected recombinant multiepitope chimeric antigens (gp41, gp36, and O-IDR) for an HIV 1/2 (BioLink International) marker, a 17-kD recombinant outer membrane protein TpN17 (Lee Laboratories) (6, 13) for a treponemal syphilis marker, synthetic cardiolipin prepared from plant source (38) provided by CDC for a nontreponemal syphilis marker, and rabbit anti-goat IgG (Life Technologies) for a positive control. For an internal negative control (provide background signal), the surface was not functionalized with any protein but treated with blocking agent. Gold-labeled anti-human IgG and IgM antibodies were lyophilized inside the antibody holder by OPKO Diagnostics.
Each day before testing at the clinic site, two 2-ml PBS-0.05% Tween 20 and four 2-ml water washes as well as 60 ml each of silver nitrate (silver A) and silver reducing agent (silver B) were loaded to the reagent cassette manually by pipetting and sealed using an adhesive tape (OPKO Diagnostics) to mimic prepackaged reagents ( Fig. 2A) .
Device operation
To perform the test, the user (HCW) collected fingerprick whole blood using conventional methods. One microliter of whole blood was then diluted with 9 ml of 1% BSA-0.05% Tween 20 in PBS, and 2 ml of the mixed sample was pipetted onto the disposable test cartridge ( fig. S5B ). Cassette preparation is described in Supplementary Materials and Methods. The user inserted the antibody holder (prefilled with 9 ml of 3% BSA-0.05% Tween-PBS) into a microfluidic cassette, inserted the cassette into the dongle, and pressed the bulb fully to initiate vacuum ( fig. S5, C and D) . After 5 min, the user was prompted to move a toggle to close a venting port and to initiate silver development for 9 min.
Afterwards, results for all markers were displayed on the screen ( fig. S5F) , and raw absorbance values were recorded along with the study ID.
Each patient venipuncture whole blood was tested by the Columbia team in parallel with fingerprick blood testing. An aliquot of venipuncture whole blood (~50 ml) was made from each whole blood collected. Venipuncture whole blood was processed in the same manner as the fingerprick blood.
Post-field test optimization in the laboratory is described in Supplementary Materials and Methods.
Pilot field trial Study sites, HCWs, populations, and confidentiality agreements, as well as dongle operation training and testing are described in Supplementary Materials and Methods.
Statistics Averages, SDs, linear fit, and two-sided Student's t tests (a = 0.05) were calculated with Microsoft Excel. Student's t test was chosen to compare two small sets of quantitative data when data in each sample set were related. Vertical scatterplots, sensitivity, specificity, 95% CIs, ROC curves, and McNemar test were created in GraphPad Prism.
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